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ABSTRACT: Series-connection of the stator windings of electric motors could serve a number of purposes, including 
load balancing between two synchronous motors. This paper modeled and analyzed a drive system of two separate 
three-phase synchronous motors whose stator windings are series-connected by a unique stator winding scheme, and 
whose shafts are mechanically coupled to a common load shaft through a speed reduction gear driven through the 
pinions of the respective motors. The mathematical model is developed in detail, and the system is simulated using 
MATLAB/SIMULINK. It is observed that for the case of a balanced load on the respective shafts of the two motors, 
the dynamic behavior of the two motors are identical. It is further observed that with the particular stator winding 
arrangement giving rise to six-windings per motor unit, each motor is essentially a three-phase motor and may be 
operated direct on line (DOL). 
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I.  INTRODUCTION 
It is generally perceived that the induction motors are the 
work horse of the industries (Krause et al, 1995). This is largely 
due to the ruggedness, economy, and self-starting behavior of 
such motors. However, in large power applications, synchronous 
motors have often been preferred due to their capacity for higher 
power output per volume, power factor correction, and higher 
efficiency. Such motors may easily be found in grinding mills for 
cement and mineral ores (Seggewiss et al, 2014; Rodriguez et al, 
2005; and Valentine et al, 1977). 
Market demands for increased production saw the introduction 
of two-synchronous motor drives in grinding mills (Valentine et 
al, 1977). This was made necessary due to torque limitations on 
the teeth of the girth gear used to drive the mills. The drive 
arrangement will be as in Figure 1. 
 
 
          Fig. 1: Two Synchronous Motor Mill drive. 
For such drive arrangements, it is important that the load on 
the girth gear is equally shared between the two motors. However, 
load imbalance has been observed, and is attributed to 
manufacturing errors and tolerance in the manufacture of the girth 
gear. The angular position of the motor shafts are observed to vary 
slowly, and the same with their angular speed, culminating in 
variation of torque produced by the respective motors. This has a 
deleterious effect on the gear life and often leads to motor over-
heating. This problem has been resolved in a number of ways 
which are either expensive (Valentine et al, 1977; Scott and 
Valentine 1982), or leads to complex rotor circuit (Mular et al, 
2002) or stator frame. A number of patents have also been 
obtained which propose solution to the load share problem 
between two synchronous motors coupled to a common shaft 
(Nelson, 1968; Kilgore et al, 1973; Ringland, 1980). 
William Ringland (Ringland, 1980) proposed a system similar 
to the one under study. The startor windings of the two unit three-
phase motors were split into two in the ratio 2:1. While the first 
part forms a set of three-phase windings in the first motor unit, 
the other part forms a set of three-phase windings in the second 
motor unit. In the end, each motor unit has two sets of balanced 
three-phase windings which are not identical. The present study 
considered a 1:1 stator winding split. The underlying hypothesis 
is that assuming identical machine properties for the two motors, 
the same electromechanical torque will be developed by the two 
motors if the current in motor 1 is the same current flowing in 
motor 2. 
Two-motor drive systems with series stator connections 
mounted on a common shaft have been studied (Anih and Obe, 
2009; and Anih et al, 2014). The systems they studied are quite 
different from the one in the present study, as the motors were not 
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identical and they were mounted on a common shaft. Multi-phase 
Series-connected motors have also been studied (Jones et al, 
2005; and Levi et al, 2007), with the aim of achieving 
independent vector control of the motors although they are fed 
from the same inverter. Onwuka and Obe (2019) analyzed the 
load sharing capability of a series-connected twin synchronous 
motor drive that were coupled to a common load shaft by gearing. 
However, in the present study, the aim is to model and analyze 
the behavior of two synchronous motors which are mechanically 
coupled to the same load through their respective pinions, and 
electrically connected to each other. Only the case of a balanced 
load is considered. 
 
II. MATERIALS AND METHOD 
A. System Description 
Figure 2 shows the winding connection of the synchronous 
motors in the drive arrangement. Each phase of each motor is split 
into two winding sections with a turn ratio of 1:1, and the winding 
sections are designated s1 and s2 windings respectively. The s1 
windings of the first motor are connected in series with the s2 
windings of the second motor, and the s1 windings of the second 
motor are connected in series with the s2 windings of the first 
motor. It is pertinent to mention that there is zero angular 
displacement between the s1 and s2 windings of each motor, to 
maintain a three-phase system. The field windings of the two 
motors are connected in parallel. 
 
Fig. 2: Winding Connection of the two Synchronous Motors. 
Moreover, this study assumes that the motors are electrically 
identical, and did not consider the non-linearity of the system. 
This system apparently renders each motor unit as a six-winding 
system. Six-winding systems have been studied by several authors 
(Levi et al, 2007; Palavicino and Valenzuela, 2015; Singh and 
Singh, 2012), and there study were relevant to the present study. 
 
B.  Modeling of the System Dynamics 
As usual for any three-phase machine, applied voltages are 
given by: 
𝑉𝑛 = 𝑉𝑚𝑐𝑜𝑠 (𝜔𝑒𝑡 −
2𝜋𝐶
3
)                        (1) 
Where C = 0, 1, or 2 for n = a, b, or c-phase, respectively. 
As the s1 winding of one motor unit is in series with the s2 
winding of the second motor unit, the voltages applied to the s1 
terminals of one motor unit will supply the phase voltages in both 
the particular s1 winding of one motor and the corresponding s2 
winding of the second motor. The assumption of electrical 
identity of the motors suggests that the applied voltage will divide 
between the s1 and s2 windings according to their turn ratio. As 
such, it will be observed from figure 2 that for any supply phase, 
n, 
         𝑉𝑛 = 𝑣𝑛1 + 𝑣𝑛2 = (𝑟𝑠1 + 𝑟𝑠2)𝑖𝑛 + 𝑝(𝜆𝑛1 + 𝜆𝑛2)        (2) 
Where the r, i, and λ terms refers to resistance, current, and flux 
linkage terms, respectively, and the subscripts 1 and 2 refers to 
the first and second winding sections of each phase respectively. 
In (2), p is the derivative symbol. 
A six-winding machine has been implied from Figure 2. 
Previously, six-winding machines have been studied as six-phase 
machines (Singh and Singh, 2012). It is usual in such machines 
to refer the windings of one set of three-phase winding, say s2, to 
the windings of the other set of three-phase winding, say s1. This 
will modify (2) to become: 
  
       𝑉𝑛
′ = 𝑟𝑠𝑖𝑛 + 𝑝𝜆𝑛
′                                                        (3) 
where 
         𝑉𝑛
′ = 𝑣𝑛1 + 𝑣𝑛2
′                                                      (3a) 




′                                                    (3b)  
          𝜆𝑛
′ = 𝜆𝑛1 + 𝜆𝑛2
′                                                     (3c) 
where the N terms in (3b) refers to winding function terms of the 
specified winding, and the primed terms from (3) to (3c) refers to 
the variables referred from s2 to s1 windings. Moreover, as the 
non-linear equations in (2) contain time-varying inductance terms 
leading to computational complexity and plenty computer time 
for simulation, the use of Park’s equations in the rotor reference 
frame is a common practice to simplify the solution to yield 
constant inductance terms. The twelve (12) resulting voltage 
equations describing the system is presented in compact matrix 
form in (4) and (5) as: 
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        𝑉𝑞𝑑𝑜1,2
′ = 𝑟𝑠𝑖𝑞𝑑𝑜1,2 + 𝜔𝑟𝜆𝑑𝑞𝑜1,2
′ + 𝑝𝜆𝑞𝑑𝑜1,2
′         (4) 




′                          (5) 
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(6) 
where the inductance terms L, in (6) are defined as follows: 
 
𝐿11 = [
𝐿𝑙𝑠1 + 𝐿𝑚𝑞 0 0
0 𝐿𝑙𝑠1 + 𝐿𝑚𝑑 0
0 0 𝐿𝑙𝑠1
]                   (7) 
 
𝐿22 = [
𝐿𝑙𝑠2 + 𝐿𝑚𝑞 0 0
0 𝐿𝑙𝑠2 + 𝐿𝑚𝑑 0
0 0 𝐿𝑙𝑠2















]                                (10) 
𝐿33 = [
𝐿𝑙𝑞𝑟
′ + 𝐿𝑚𝑞 0 0
0 𝐿𝑙𝑑𝑟




                                                                         (11) 
where the variables used in (7) – (11) are standard variables used 
for the q- and d-axes magnetizing inductances, and for leakage 
inductances. However, LlaX and LlaY defines the leakage 
inductances between the a- and x-phases, and between the a- and 
y-phases, respectively. 
The currents in qd0 variables may be obtained easily from (6). 
Since the two motors are not on the same shaft, the mechanical 
equations of the two motors are obtained separately. As such, the 
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𝑖𝑑1 + 𝑖𝑑2) 𝐿𝑚𝑞 (
𝑁𝑠2
𝑁𝑠1
𝑖𝑞1 + 𝑖𝑞2 + 𝑖𝑞𝑟2
′ )]   (13)                                                             
The derivative of the angular speed of the two motors is given by: 
         𝑝𝜔𝑟1 =
𝑃
2𝐽
(𝑇𝑒𝑚1 − 𝑇𝐿1)                                    (14) 
           𝑝𝜔𝑟2 =
𝑃
2𝐽
(𝑇𝑒𝑚2 − 𝑇𝐿2)                                    (15) 
The angular position of the rotors on their respective shafts will 
be: 
        𝛿1 = ∫(𝜔𝑟1 − 𝜔𝑒) 𝑑𝑡                                        (16) 
         𝛿2 = ∫(𝜔𝑟2 − 𝜔𝑒) 𝑑𝑡                                        (17) 
To recover the currents in phase variables form, Eqn (18) is used: 
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  (18a)       
and 
      𝜃𝑟 =
(𝜃𝑟1+𝜃𝑟2)
2
                                                      (18b) 
where θr1 and θr2 are the angular positions of the rotors of the two 
motors respectively. 
The speed of the driven load will be obtained as: 









                                  (19) 
where P is the number of poles of the machine, and gr is the gear 
ratio. 
The parameters of the motors used is contained in Table 1, 
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Parameter Value 
q-axis magnetizing reactance, 
Xmq 
 0.1789 Ω 
d-axis magnetizing reactance, 
Xmd 
 0.2919 Ω 
Rotor q-axis leakage 
reactance, Xlqr 
0.0720 Ω 
Rotor d-axis leakage 
reactance, Xldr 
0.0692 Ω 
Rotor field leakage reactance 
Xlfr 
0.0759 Ω 
Rotor q-axis resistance, rqr 0.0109 Ω 
Rotor d-axis resistance, rdr 0.0115 Ω 
Rotor field resistance, rfr 0.0080 Ω 
Stator resistance, rs 𝑟𝑠1 = 0.0222 Ω 
𝑟𝑠2
′ = 0.0111 Ω 
Stator leakage reactance, Xls 
 
𝑋𝑙𝑠1 = 0.0193 Ω 
𝑋𝑙𝑠2
′ = 0.0141 Ω 
Leakage reactance between the 
two stator winding sets, Xlm 
0.0058 Ω 
Leakage reactance between the 
q- and d-axes of the 2 three-
phase windings, Xldq 
0 
Number of poles, P 6 
Line voltage, VL 208 V 
Rated Current, I 57.8 A 
Inertia of the rotating parts, J 0.08 kg-m2 
Field voltage 41 V 
 



























































III. RESULTS AND DISCUSSION 
Eqns (4) - (19) were implemented in MATLAB/SIMULINK 
environment. The elegance and simplicity of the embedded 
MATLAB function makes it the preferred tool of choice for the 
modeling of the global system. In this exercise, the motors were 
started at the same time on no-load, and after steady state occurred 
they were equally loaded with the rated load of 81 Nm at time 3 
seconds. This rated load was determined by the current rating of 
the motor at 0.85 lagging power factor and field voltage of 41V. 
The important characteristics observed are as follows. 
From Figure 3, it will be observed that the two motors 






Figure 3: Angular Speed plotted against Time: (a) Motor 1, (b) 
Motor 2. 
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Figure 4: Phase Currents (common to the two motors), against 
time. (a) a-phase (b) The Six Winding Currents. 
The stator currents are common to the two motors. The a-phase 
is shown in Figure 4a. Figure 4b captured the six winding currents 
in the same axis, where it is easy to see that indeed each motor is 
essentially a three-phase motor with six-windings. The x-phase 
coincided with the a-phase, the y-phase coincided with the b-







Figure 5: Torque Characteristic: (a) Motor 1 (b) Motor 2 (c) 
Torque difference between Motor 1 and Motor 2.  
 




























































































38                                                                                NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 17, NO.1, MARCH 2020 
 
*Corresponding author’s e-mail address: nazeez@unilag.edu.ng                                                               doi: http://dx.doi.org/10.4314/njtd.v15i4.1  
The torque characteristics of the motor is presented in figure 
5. Expectedly, the developed torque of the two motors are 
identical in all respect, and after steady state, they reflected the 







Finally, the angular position of the rotors were observed and 
compared for any difference. No difference was observed, as 
captured in Figure 6. 
IV. CONCLUSION 
Two synchronous motors on separate shafts, whose stator 
windings are connected in series, and which are coupled by 
gearing to a common load shaft has been modelled and studied. 
When two identical synchronous motors have their stators 
connected together as in figure 2, the same current flows through 
the two motors and they have identical machine behavior, 
provided there are no predisposing conditions for load imbalance. 
While such stator winding arrangement involves six-windings, 
the motors are actually three-phase motors as the a-phase and x-
phase variables coincide in every respect, as well as the b- and y-
phases, and the c- and z-phases. As such, the motors maybe 
operated direct on line, or using any other starting technique 
available for three-phase motors. Such system may find 
application in high power applications as is obtained in mineral 
and cement grinding mills.  
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Figure 6: Rotor Angles: (a) Motor 1 (b) Motor 2 (c) Rotor Angle 
Difference b tween Motor 1 nd Motor 2. 
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